The quasi-one-dimensional linear chain compound HfTe3 is experimentally and theoretically explored in the few-to single-chain limit. Confining the material within the hollow core of carbon nanotubes allows isolation of the chains and prevents the rapid oxidation which plagues even bulk HfTe3. High-resolution transmission electron microscopy combined with
center. A characteristic that has inhibited extensive study of HfTe3 is extreme air sensitivity, even for bulk single crystals. [7] Some studies [7, 8] suggest that metallic HfTe3 supports a charge density wave (CDW) and possibly filamentary superconductivity, but there are significant discrepancies between reports. Single crystal specimens likely undergo a CDW phase transition at TP=93 K [8] , while TP for polycrystalline specimens is ~80 K. [7, 8] Although single crystals have not shown superconductivity down to 50 mK, [8] polycrystalline samples can apparently undergo a superconducting phase transition at Tc=1.7 K. [7] Here we report the successful synthesis and structural characterization of HfTe3 within the hollow cores of multiwall carbon nanotubes (MWCNT). The selectable inner diameter of the MWCNT constrains the transverse dimension of the encapsulated HfTe3 crystal and thus, depending on the inner diameter of the nanotube, HfTe3 specimens with many chains (~20), down to few chains (3 and 2), and even single isolated chains, are obtained. The MWCNT sheath simultaneously confines the chains, prevents oxidation in an air environment, and facilitates characterization via high resolution transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM). Together with complementary first-principles calculations, we find a coordinated interchain spiraling for triple and double chain HfTe3 specimens, but, in sharp contrast to NbSe3, long-wavelength intrachain torsional instabilities are markedly absent for isolated single chains. Instead, HfTe3 shows a structural transition via a trigonal prismatic rocking distortion to a new, unreported crystal phase, concomitant with a metal-insulator transition, as the number of chains is decreased below four.
HfTe3 is synthesized within carbon nanotubes using a procedure similar to that outlined previously for NbSe3, [3] following HfTe3 growth-temperature protocols. [7] Typically, stoichiometric amounts of powdered Hf along with Te shot (560 mg total), together with 1-4 mg of end-opened MWCNTs, and ~5 mg/cm 3 (ampoule volume) of I2 are sealed under vacuum in a quartz ampule and heated in a uniform temperature furnace at 520 o C for 7 days, then cooled to room temperature over 9 days. Energy dispersive spectroscopy (EDS) confirms a 1:3 stoichiometry of encapsulated HfTe3 chains (25.14 at.% Hf, 74.86 at.% Te). For the related material NbSe3 in the few-chain limit, 3 or 2 chains spiral around each other in a helical fashion, and in the single chain limit the trigonal prismatic units comprising the chain gradually twist azimuthally as one progresses along the chain axis, comprising a single- S3G-I. The rocked TAP structure of single-chain HfTe3 has 0.479 eV/f.u. lower total energy than the TP single chain, with the energy gap enlarging from 0.341eV to 1.135 eV in the final rocked TAP structure. We note that we have also investigated an equilateral distribution of the Te atoms, similar to the Se atoms in single-chain NbSe3, [11] shown in Fig. S3A -C, and thereby confirmed that the isosceles distribution in HfTe3 continues to be the energetically preferred structure for all chain numbers. To understand the preferred spiraling pattern and on-chain rocking of double-and triplechain HfTe3, the competing interactions that exist among free-standing parallel chains and the interactions among encapsulated spiraling chains are analyzed. In bulk down to quadruple chains, strong interchain vdW interactions between the Hf centers and Te atoms on neighboring chains allow for the largest energy stabilization, and this is the largest determining factor in the parallel orientation of the chains. Metallic behavior is maintained from bulk to quadruple chains.
Once the triple-and double-chain limit is reached, however, the chains undergo two physical changes. First, the Te ligands rock to form the TAP unit within each chain, which lowers the total chain energy and opens the energy gap. Second, the chains spiral around one another in a helical fashion. Interestingly, spiraling of the double-and triple-chain systems of HfTe3 does not 13 significantly alter the band gap; the rocking distortion into the TAP chain conformation remains the main driving force behind the metal-insulator transition in the few-chain limit of HfTe3.
In summary, on-chain rocking of HfTe3 chains into the TAP geometry drives a metal- 
Calculation Methods
We perform first-principles calculation based on density functional theory(DFT). We use the generalized gradient approximation, [9] norm-conserving pseudopotentials, [10] and localized pseudo-atomic orbitals for the wavefunction expansion as implemented in the SIESTA code. [11] The spin-orbit interaction is considered using fully relativistic j-dependent pseudopotentials [12] in the l-dependent fully-separable nonlocal form using additional Kleinman-Bylander-type projectors. [13, 14] We use 1×512×1 Monkhorst-Pack k-point mesh for finite chains, and 40×64×24 for bulk. Real-space mesh cut-off of 1000 Ry is used for all of our calculations. The van der Waals interaction is evaluated using the DFT-D2 correction. [15] For finite chains, a vacuum region of 50 Å × 50 Å perpendicular to the chain is used and dipole corrections are included to reduce the fictitious interactions between chains generated by the periodic boundary condition in our supercell approach. [16] 
